The formation process of burden distribution at blast furnace top was dynamically and quantitatively investigated by the use of a mathematical model, based on the equations of motion on distinct particles and the constitutive equation described by a Voigt-Kelvin rheological model with a slider. In order to increase the estimation accuracy of the mathematical model, the dashpot factor, which represents the kinetic energy dissipation of particles in the formation process of burden distribution, was experimentally determined.
I. Introduction
Recently, for the improvement of the controllability of burden distribution at the top of blast furnace, the control of the radial distribution of particle size has attracted attention, in addition to the conventional control of the radial distribution of the ore-to-coke weight ratio (0/C).
In this respect, the control method of the large bell opening speed and/or the large bell opening stroke1 and the separate charging of different size burden2~ have been developed.
However, general investigation of the effect of various operation factors on burden distribution (0/C distribution, particle size distribution, etc.) has not yet been performed. Although the effect of the amount of charge on the deposit angle,3~ the effect of movable armor or bell-less distributing chute operations on the radial OTC distribution,2,4~ and the effect of the large bell opening speed and/or large bell strokel,5~ on the radial distribution of particle size have been investigated by the use of reduced scale experimental models and full scale experimental models, all experiments were performed under specified charging conditions. As a result, the applicability of the experimental data is obviously restricted.
Concerning the research on burden distribution based on mathematical models, Okuno et al.6~ estimated the radial OTC distribution by the use of a mathematical model through the application of the theory of slope stability. In their model construction, only the macroscopic behavior of burden was considered, while the microscopic interaction between particles was left out of consideration, resulting in the insufficient accuracy in the estimation of OTC distribution. The estimation of the radial distribution of particle size is far more difficult and to date only a few research attempts, such as the application of the theory of screening7~ and that of the one-particle motion model,' have been carried out.
Moreover, although the formation process of burden distribution is essentially an unsteady state process, no detailed study of the dynamic behavior was performed. The effect of various operation factors on the formation of burden distribution has not dynamically and quantitatively been evaluated yet.
Therefore, in the present research, with the aim of the improvement of generality of the investigation, the increase in estimation accuracy and the clarification of unsteady state behavior, a two dimensional unsteady state mathematical model,8~ which was originally developed for the analysis of the granular material flow in hoppers, was improved for the analysis of burden distribution. The improved mathematical model was applied to the investigation of formation process of burden distribution and the quantitative investigation of the effect of the charging rate on the radial distribution of particle size.
II. Outline of the Mathematical Model
The construction of the mathematical model used in the present research is the same as the one used for the analysis of the flow of granular material in hoppers.8~ The mathematical model consists of equations of motion for distinct particles and the constitutive equation described by Voigt-Kelvin rheological model with a slider for interaction between particles as shown in Fig. 1 . As the condition of the unstability of particle arrangement caused by slip, Coulom's law was applied to the resultant force of spring force and dashpot force.
Within the small change of time, the small change of the displacement of the particle arrangement generates the force between particles. This force again causes the small change of the displacement of particles through the equation of motion. Thus, the simultaneous alternative solving of the equation on the relation between force and displacement and the equation of motion on each particle under appropriate boundary condition with progress of time provides the macroscopic dynamic behavior of an assembly of granular particles during charge.
As summarized in Table 1 , the formation process of burden distribution at the top of blast furnace has significant differences from that of burden flow in hoppers, especially in respect to the dissipation of the kinetic energy of burden. In the former process, the kinetic energy of burden increases during free-fall from a bell or a distributing chute and then is rapidly dissipated by the collision against the burden slope and during movement along the slope. On the other hand, in the latter process, the kinetic energy of burden monotonously and slowly increases due to gravitational flow. Therefore, in order to make an accurate simulation of the formation process of burden distribution, the kinetic energy dissipation process, in other words, the dashpot factor (Dn) should be appropriately evaluated.
The effect of the dashpot factor on the deposit profile of burden was numerically investigated for the case of 8 mm diameter pencil and 15° slope angle (Fig. 2) . When the dashpot factor is overestimated as in Fig. 2(a) , the kinetic energy dissipation becomes excessive. As a result, not only the deposit angle of particles becomes excessively large but also some particles remain undischarged from the hopper . On the other hand, when the dashpot factor is underestimated as in Fig. 2(b) , the charged particles move easily along the slope. Significant increase of layer thickness in the central part and significant decrease of layer thickness in the peripheral part result in excessively small deposit angle.
Consequently, in the formation process of burden distribution, the interaction between particles plays an important role, which can be quantitatively evaluated through the use of the dashpot factor .
Evaluation of Dashpot Factor
In order to make appropriate evaluation of dashpot factor for the simulation, two-particle collision experiments shown in Fig. 3 were performed for cylindrical particles. After particle (1) was set at the predetermined angle (Os), particle (1) was subjected to collision against the vertically hung particle (2) and then the maximum swing angles of particles (1) and (2) (918) Transactions ISIJ, Vol. 28, 1988 after collision (O and 02, respectively) were measured. The dashpot factor can be evaluated by solving the equations of motion for particles (1) and (2) by using the measured results of B1 and e2. In this system, the rotation of particles as well as the interaction in the tangential direction at the collision can be neglected and the equation of motion on particle (1) Dr, : dashpot factor in the normal direction (kg/s) Kn : elastic spring coefficient in the normal direction (N/m) m : mass of particle (kg) R: particle radius (m) cp1: angle between velocity vector of particle (1) and the interaction vector (°) l: length of string shown in Fig. 3 (m). The dashpot factor Dn is determined to satisfy the condition that the calculated result of 81 through the numerical integration of Eqs. (1) to (4) is equal to the measured result of O. Similarly, the dashpot factor Dn is also obtained from the numerical integration of equations of motion on particle (2). The experimental data obtained for acrylic cylinder are shown in Fig. 4 . The dashpot factor Dn for acrylic cylinder was obtained by the least square method applied to experimental results for both particles (1) and (2) and was determined as 0.1 XD°. D° is the dashpot factor for the critical damping in the oscillation system and is calculated by the relationship D°=2 /mKn . Similarly, the dashpot factor Dn for cylindrical pencil was determined as 0.5 X D° .
Concerning the evaluation of the dashpot factor in the tangential direction (DS), DS was calculated by the formula DS=2 v'mK; with the assumption of K8/K,,= 1/4.
Verbcation o f the Validity of the Mathematical Model
Experiments with a two dimensional apparatus shown in Fig. 5 were performed to verify the validity of the mathematical model. The width of the apparatus was selected as 150 mm. Cylindrical particles were charged into an acrylic hopper in layers and then the discharging gate was opened to initiate the charging of particles onto the slope. Side walls were installed neither in the hopper nor along the slope to prevent the effect of friction between side walls and charged particles. Charging conditions used in the experiment and the particle properties used in the mathematical model are listed in Tables 2 and 3, respectively. The particle-particle friction angles and the particlewall friction angles listed in Table 3 were actually measured for cylindrical particles through a one dimensional shear test.
The validity of the mathematical model was checked in the following three items. 
Firstly, the order of particles discharged from the hopper was examined. As shown in Fig. 6 , the experimental result of the transition of discharged tracers, each of which was placed in advance at the predetermined position in the hopper, was in good agreement with the calculated result.
Secondly, the deposit behavior of particles on the slope was investigated by the use of colored tracers of the same particles (Fig. 7) . Under each slope angle, tracer particles 9Q originally placed at the bottom of the hopper are located in the central part both in the experiment and in the mathematical model calculation. Tracer particles Q2 originally placed at the top of the hopper are located in the middle part of the slope both in the experiment and in the mathematical model calculation.
Thirdly, the deposit behavior of small particles was investigated when small particles were charged with large particles. As shown in Fig. 8 , when small particles were placed at the top of the hopper (Case 3), small particles had a tendency to deposit near the surface layer in the middle and peripheral part. On the other hand, when small particles were placed at the bottom of the hopper (Case 4), small particles had a tendency to deposit near the bottom layer in the central and in the middle parts. The calculated results were in good agreement with the experimental 
Formation Process of Burden Distribution
The deposit behavior of charged particles was dynamically investigated by the use of the mathematical model. The calculation condition is shown in Table  4 . Particle-particle friction angle of sinter was so selected that the deposit angle of sinter calculated by the mathematical model was as close as possible to the deposit angle of sinter in an actual blast furnace . Sinter particles were charged vertically onto the peripheral part of the coke-lined surface by gravitational force, because it was assumed that the movable armor was not used. Two cases of size distribution of particles were applied to the calculation as shown in Table 4 . The reduced scale used in the calculation was 1 /1 0 of an actual blast furnace except for particle size. The charging time was determined by the constant Froude number condition.
Effect of Slope Angle on the Formation Process of
Burden Distribution The formation process of burden distribution, that is, the dynamic behavior of charged particles on the slope was estimated by the mathematical model for cases of slope angles of 10, 20 and 30° as shown in Figs. 9 and 10 .
In the case of a slope angle of 10°, in the early stages of the charge at 1.0 s after the start of the charge, the initially charged particles (A) are in motion toward the central part along the slope. Most of particles (A) in motion are obliged to be moved by the pushing from the subsequently charged particles (B). This is because the outflow rate of particles (A) toward the central part is smaller than the inflow rate of particles (B) at the falling point because of low slope angle. As a result, the surface angle of particles (A) at the head of flow is increased up to about 35° as shown in Fig. 9 .
In the middle stages of the charge at 1.75 s after the start of the charge, the velocity of particles (A) is decreased by the interaction with stagnant coke on the slope and part of particles (B) get ahead of particles (A). The final distribution of particles (A) on the slope is completed in the middle stages of the charge.
In the last stages of the charge at 2.0 s after the charge, the formation of burden distribution in the central part is completed with the deposit of particles (B). Particles (C) and (D) are still flowing in the middle and peripheral part on the deposit layer of particles (B).
The deposit is completed with the deposit of particles (C) and (D) in the middle and peripheral part near the surface layer. Accordingly, in case of 10° slope angle, burden deposits from the bottom to the surface rather than from the center to the periphery.
By an increase of slope angle, the deposit behavior is significantly changed, especially in the case of 30° slope angle. At the falling point, the outflow rate of particles is large enough in relation to the inflow rate of particles. The surface angle of flowing particles is close enough to the slope angle, resulting in thin layers of flowing particles. The initially charged particles (A) easily reach to the center and deposit at the bottom in the central part and particles (B) can not get ahead of particles (A). Particles (B) deposit mainly in the central part and deposit less in the middle part. After the deposit of particles (B), the deposit of particles (C) is followed. As a result, particles (C) 
deposit mainly in the middle part. The finally charged particles (D) deposit preferentially in the peripheral part. Accordingly, in the case of higher slope angles, burden deposits from the center to the periphery rather than from the bottom to the surface. transition of positions of representative particles (A) and (B) charged at the time shown in Fig. 11 was investigated by the mathematical model. The decrease of the velocity of particles (A) and (B) along the slope becomes less significant with increase of slope angle. This fact shows that in 20° slope angle the kinetic energy dissipation of particles becomes smaller than that in 10° slope angle through the increase of gravitational force in the direction of the slope.
Effect of Amount of Charge on the Deposit Angle in the Bell Charging
In the bell charging, it is known that an increase of the amount of charge results in a decrease of the deposit angle of burden.3~ However, in the present model calculation, the change of the amount of charge under constant charging rate and fixed slope angle did not cause noticeable change of the deposit angle. The direct reason for the change of the deposit angle was presumed to be attributed not to the change of the amount of charge, but to the change of the charging rate, which is associated with the change of the amount of charge in the actual operation. Accordingly, the change of the deposit angle of particles under high charging rate with constant amount of charge was estimated by the mathematical model as shown in Fig. 12 . When the charging rate is increased, that is, the charging time is decreased from 5.0 to 3.5 s, the deposit angle of particles is decreased from 21 to 13°. Consequently, the reduction of deposit angle caused by an increase in the charging rate in the case of large amount of charge in the bell charging is verified by the mathematical model.
Formation Process of Particle Size Distribution
The formation process of particle size distribution on the slope was investigated by the mathematical model for different charging conditions of small particles. The slope angle was fixed at 20° in the calculation. Figure 13 shows the calculated distribution of small particles on the slope under different charging conditions of small particles. When small particles are charged under a complete mixing condition with large particles as shown in Fig. 13(a) , the small particle content monotonously decreases toward the center. This is because small particles are subjected to percolation on the slope and small particles deposit more in the peripheral part.
Secondly, small particles are exclusively charged in the last stages of the charge. In other words, large particles are precedingly charged. In the actual dif-blast furnace operation, this case corresponds to the case when small particles are exclusively charged at the top of a large bell hopper. The calculated result of the small particle distribution on the slope is shown in Fig. 13(b) . Small particles preferentially deposit at the surface layer mostly in the peripheral part. Thirdly, small particles are exclusively charged in the initial stages of the charge. In other words, small particles are precedingly charged. In the actual blast furnace operation, this case corresponds to the case when small particles are exclusively charged at the bottom of a large bell hopper. The calculated result is shown in Fig. 13(c) . Small particles preferentially deposit at the bottom layer in the central and middle part. The deposit length of small particles along the slope is larger in a preceding charge of small particles than that in a preceding charge of large particles. This is because initially charged small particles are subjected to interaction with stagnant coke particles and some small particles deposit even in the peripheral part.
Effect of Charging Conditions of Small Particles on
Deposit Profile The change of charging conditions of small particles causes a change of deposit profile as shown in Fig. 13 . When small particles are exclusively charged in the last stages of the charge (Fig. 13(b) ), the deposit angle becomes larger than that when small particles are exclusively charged in the initial stages of the charge (Fig. 13(c) ). When small particles are charged under a complete mixing condition with large particles (Fig. 13(a) ), the deposit angle becomes an intermediate one between the two cases described above. These facts suggest that the kinetic energy dissipation of particles on the slope is the smallest in the case of a preceding charge of small particles.
In order to investigate the mechanism of the deposit of particles, the particle movement in the middle stages of the charge was shown in Fig. 14 in cases of the preceding charge of large particles and that of small particles. In the figure, straight lines marked in each particle center designate the direction of movement and their lengths are proportial to their velocities. In the case of a preceding charge of large particles, the thickness of the flowing particles is smaller than that in the case of a preceding charge of small particles. This difference resulted from the difference of the size off particles located in the stagnant layer. As shown in Fig. 15 , when large particles exist in the stagnant layer in the case of a preceding charge of large particles, flowing particles collide with large particles in the stagnant layer. Accordingly flowing particles rapidly dissipate their kinetic energy, resulting in thin layers of flowing particles. The difficulty of the movement of particles towards the central part causes a higher deposit angle. On the other hand, when small particles exist in the stagnant layer in the case of a preceding charge of small particles, flowing large particles collide with small particles in the stagnant layer and change the direction of the movement only slightly after the collison. As a result, flowing particles dissipate their kinetic energy slightly, resulting in relatively thick layers of flowing particles. The easiness of the movement of particles to the central part causes low deposit angle.
Effect of Charging Rate on Particle Size Distribution
In the actual blast furnace operation, the control of the radial distribution of particle size by the control of the large bell opening speed and/or the large bell opening stroke has been performed."5~ The effect of the charging rate on the small particle dis- 
Transactions ISIJ, Vol. 28,tribution on the slope was investigated by the mathematical model. Figure 16 shows the small particle distribution when the charging time is increased from 5 to 12 s. An increase of the charging time causes an increase in the small particle content in the peripheral part and a decrease in the small particle content in the central part. Accordingly, the experimentally observed enhancement of the size segregation in the radial direction under decreased opening speed of large bell and reduced large bell stoker is quantitatively confirmed by the mathematical model calculation.
For the detailed investigation of the deposit behavior of small particles under different charging rates, small particle distribution on the slope is shown in Fig. 17 at the almost same dimensionless charging time. The dimensionless time is defined as the quotient of the transient time divided by the total charging time. When the charging rate is small as in Fig.  17(a) , the thickness of the flowing particle layer decreases and, as a result, percolation of the small particles by the large particles is enhanced, resulting in an increase of the small particle content in the peripheral part. On the other hand, the small particle content dereases in the central part, since fewer small particles reach the central part. In contrast, when the charging rate is large as in Fig. 17(b) , the thickness of the flowing particle layer increases and, as a result, percolation of small particles by large particles is insufficient, resulting in a decrease of the small particle content in the peripheral part and an increase of the small particle content in the central part. Therefore, in the case of a high charging rate, the size segregation on the slope is suppressed.
Consequently, under a constant slope angle, in a complete mixing charge of small particles, the degree of percolation of small particles depends on the thickness of the flowing particle layer and the charging rate affects the thickness of the flowing particle layer.
Iv. Conclusion
The formation process of burden distribution at the top of blast furnace was dynamically and quantitatively investigated by the use of a two dimensional mathematical model based on the equations of motion on distinct particles and the constitutive equation described by a Voigt-Kelvin rheological model with a slider. For the improvement of the estimation accuracy of the mathematical model, the dashpot factor, which represents the kinetic energy dissipation in the formation process of burden distribution, was determined based on a two-particle collison experiment. The validity of the mathematical model was confirmed through two dimensional experiments using cylindrical particles.
The following findings were obtained through the application of the mathematical model for the analysis of the formation process of burden distribution as well as the investigation of the effect of the charging rate on the small particle distribution.
(1) The burden deposit behavior is significantly influenced by the slope angle. When the slope angle is small, the gravitational force in the direction of the slope is decreased and the burden deposits from the bottom to the surface on the slope. On the other hand, when the slope angle is large, the gravitational force in the direction of the slope is increased and the burden deposits from the central part to the peripheral part.
(2) In the bell charging, the decrease of deposit angle observed in an increase of the amount of charge is attributed to an increase of the charging rate accompanied by the increase in the amount of charge.
(3) In the case of a complete mixing charge of small particles with large ones, the segregation of small particles caused by percolation of small particles by large ones in the peripheral part was quantitatively described by the mathematical model.
(4) In the case of a preceding charge of small particles, since the kinetic energy dissipation of particles Fig. 17. Effect of charging rate on small particle distribution on th e slope.
on the slope is small, small particles preferentially deposit at the bottom layer in the central and middle part and the deposit angle is small. On the other hand, in the case of a preceding charge of large particles, since the kinetic energy dissipation of particles on the slope is large, small particles preferentially deposit at the surface layer in the peripheral part and the deposit angle is large.
(5) A decrease of charging rate caused by an increase of charging time reduces the layer thickness of the flowing particles, resulting in the enhancement of percolation of small particles on the slope. As a result, the small particle content in the peripheral part is increased, while that in the central part is reduced.
